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Temperature Measurement of 
Liquid Steel. 


THE fact that the science of quantitatively deter- 
mining temperatures in anything like absolute values 
for high temperatures is in an extremely unsatis- 
factory condition is so well known, both to 
investigators and industrialists, that it was a 
pleasurable experience to find Mr. R. S. Whipple 
discussing the matter before the British 
Association — joint meeting of Section A 
(Mathematical and Physical Societies) and G (Engi- 
neering). Mr. Whipple is a serious investigator in 
this field, and his summary of the present position is 
accurate and valuable, but still leaves the deter- 
mination of the temperatures under consideration as 
a matter that has not been properly solved. It may 
be an advance to have progressed a little further as 
regards consistency in observation when measuring 
temperatures after the liquid steel has left the furnace, 
but what is really of consequence is that means should 
be placed in the hands of the metallurgist to enable 
him to control temperature during process. The 
provision of such means is unquestionably the func- 
tion of the physicist, and Mr. Whipple’s frank con- 
fession should lead to the problem receiving a little 
more of the attention it deserves. 

Optical and radiation pyrometers may be said to 
be reasonably accurate when measuring the tempera- 
tures of “true black bodies ’—that is, substances 
having surfaces which absorb all the radiations reach- 
ing them. No body absolutely conforms to this 
definition, though the nearest approach is probably 
untreated carbon. A body, however, placed inside 
a uniformly heated enclosure or furnace, and viewed 
through a very small hole in that enclosure, behaves 
as a true black body. The conditions inside a melt- 
ing furnace depart considerably from such a@ uni- 
formly heated enclosure, since the flames and the 
furnace walls are at different temperatures from that 
of the bath. Further, under such conditions, the 
correction for departure from black-body conditions 
is not possible of determination. Outside the furnace, 
whilst the departure from black-body conditions is 
greater than inside the furnace, the conditions in 
certain cases are not so variable, and it is possible to 
make the necessary correction to the observed tem- 
peratures provided an accurate value of the emissivity 
of the hot body is known. There is, unfortunately, 
considerable lack of agreement as to the correct 
value of this emissivity factor (see Fig. 74, Fourth 
Report on the Heterogeneity of Steel Ingots, SectionV, 
Iron and Steel Institute, Special Report No. 4, 1932). 
A value of 0-40 will, however, probably give the 
necessary correction within an accuracy of about 
10 deg. Cent. at 1500 deg. Cent. On account of the 





’ 

partially polarised nature of the light emitted from 
free liquid surfaces, optical pyrometers of the polaris- 
ing type (Wanner) are not recommended, and optical 
pyrometers of the disappearing filament type would 
appear to be the best for observing the temperatures 
of the molten streams issuing from the furnace or the 
ladle. Total radiation pyrometers are subject to 
many influences leading to errors in results (see 
‘““Pyrometry, Total Radiation,’ ‘‘ Dictionary of 
Physics, Vol. 1, page 663 et seq.), so that in general 
they are not used to the same extent as optical pyro- 
meters for liquid steel measurements. 

Direct determinations of the temperatures of 
liquid steel in the furnace using thermo-couples have 
been made by the Pyrometric Sub-committee of the 
Iron and Steel Institute, using a platinum-platinum 
rhodium thermo-couple inside a Pythagoras tube, 
which was itself protected by a graphite outer tube. 
This, however, was not a success on account of the 
time lag in following changes of temperature, and 
because of the rapid deterioration of the thermo- 
couples despite the protection afforded. The American 
experiment, using silicon-carbide and carbon, is inter- 
esting. A form of thermo-couple in which a central 
wire of metal (tungsten or platinum) is contained in 
and insulated from a carbon sheath, the liquid 
steel itself forming the junction, has, we understand, 
also been tried, but has not met with very great 
success. The difficulties of calibration of such a couple 
and the possible variations owing to non-uniformity 
of the carbon are, no doubt, contributory factors in 
the non-success of this method, which, however, is 
one which might be persevered with. 

Any physical property of a substance which changes 
with temperature might conceivably be utilised for 
measuring temperatures. The variation of radiation 
emission and that of thermo-electric properties, have 
already been considered. It may be advisable to 
study the possibility of other physical properties 
for the problem in view. Listing these, we have: 
Density, thermal expansion, surface tension, heat 
capacity or specific heat, mechanical properties, 
vapour pressures, thermal conductivity, electrical 
resistance, velocity of sound, magnetic properties, 
and tonic emission. Of these, density, surface tension, 
mechanical properties, thermal conductivity, and 
magnetic properties are not too encouraging on 
account of the difficulty of their determination, 
especially at elevated temperatures. A few words 
on the possibilities of each of the other physical pro- 
perties may be in place. 

Thermal expansion is used extensively for many 
temperature observations. The limitations for liquid 
steel temperatures are purely associated with refrac- 
tories. Heat capacity is utilised in some forms of 
pyrometer, e¢.g., the Siemens water pyrometer. The 
method is, however, not conducive to great accuracy, 
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unless exceptional care is taken. It is hardly suit- 
able, for: liquid steel measurements, although it is 
not inconceivable that it could be employed. The 
vapour pressure of a liquid increases rapidly with 
temperature, and if a suitable refractory could be 
found to contain a suitable liquid with a critical 
temperature above that of the liquid steel, this might 
possibly provide a method of determining the liquid 
steel temperature. 

The variation of electrical resistance provides a 
ready means of determining temperatures and resist- 
ance thermometers, mainly of platinum, are very 
useful up to moderately high temperatures. Their 
use for liquid steel measurements is again limited by 
the lack of a suitable refractory to prevent contamina- 
tion of the platinum. The resistance of most refrac- 
tories changes at elevated temperatures, the change 
being in the direction of a lowered resistance with rise 
of temperature. It can be visualised that if the resist- 
ance of such a refractory is determined by inserting 
two platinum leads into it, the whole being contained 
in a refractory tube immersed in ‘the liquid steel, a 
means may be provided for determining the tempera- 
ture of the steel. The time lag may, however, be 
great, and the constancy of the calibrations would 
have to be checked. 

Velocity of sound in a liquid medium is given by 


the formula 
. D 


where E is the volume elasticity and D the density 
of the liquid. The variation of the velocity of sound 
in molten steel will therefore depend on the variation 
in density as well as on any possible variation in the 


compressibility. The present data concerning these 
variations are very meagre, but it is doubtful whether 
the determinations of the velocity of sound could be 
made sufficiently sensitive to deduce the temperature 
with any degree of accuracy. The method is, how- 
ever, worthy of consideration. The rate of emission 
of ions from a metallic surface rapidly increases with 
rise of temperature. This phenomenon has already 
been employed in a novel form of temperature 
indicator shown by Mr. R. M. Catterson Smith 
(Journal of Scientific Instruments, March, 1932, 
page 92). The application to liquid steel measure- 
ments would, however, appear to be limited by the 
lack of a suitable refractory to house the anode and 
cathode in an evacuated chamber. 

It should be mentioned that attempts have been 
made to sight optical or total radiation pyrometers 
on to the bottom of a refractory tube placed inside 
the molten bath. Some measure of success by this 
method has been obtained on the Continent in the 
case of molten cast iron, but, again, for liquid steel 
the method at the moment is not suitable, since an 
adequate refractory for the purpose is not available. 
With carbon tubes trouble is experienced by the pro- 
duction of fumes inside the tube. 

Mention may also be made of methods at present 
used in order to obtain some relative idea of the 
temperature of the molten bath. The most used of 
these is the ‘* mirror ”’ test, which, under standardised 
conditions, is capable of giving useful information. 
Another method which has been used is to immerse 
a rod of iron in the bath, and determine the amount 
melted away in a given time. These methods are, 
however, crude, and are not capable of giving accurate 
wbsolute estimates of the temperatures of the bath. 

When it is appreciated that the degree of hetero- 
geneity in large masses of metal is essentially a func- 





tion of differential freezing, upon which the initial 
temperature at which the metal is cast has such a 
marked effect, it will be realised at what a disadvan- 
tage the metallurgist works whilst temperature con- 
trol remains an art. Surely, with the need so great, 
the physicist will rise to the occasion. 








Production of Ternary Aluminium- 
Copper Hardeners. 
By EDMUND R. THEWS. 


Ir has been pointed out in an article on the pro- 
duction of aluminium-copper hardeners in THE 
METALLURGIST for August, that in melting alumi- 
nium alloys containing besides copper one or a 
number of other elements, such as iron, manganese, 
&c., it may frequently be of advantage to incorporate 
one or the other of these additional metals in the 
hardener. Apart from facilitating the final alloying 
process and reducing the time and cost of production, 
this procedure yields alloys of greater uniformity 
and homogeneity than the method of adding each and 
every of the alloying constituents separately or in 
form of separate hardeners. It is not always possible 
to produce hardeners containing all the alloying ele- 
ments required, but a number of general hardeners 
of the ternary type have been developed for general 
purposes, and are perfectly adapted to the prevailing 
alloying practice and to the industrial development 
of the aluminium alloys in general. Two of the most 
common and interesting alloys of this type are the 
aluminium-copper-manganese and the aluminium- 
copper-iron hardeners, or primary alloys. These two 
groups of hardeners can be made in a variety of alloy- 
ing proportions, of course, but a number of standard 
alloys have been developed from the point of view of 
final alloying efficiency as well as from that of the 
relative alloying properties of the constituents of 
these hardeners. 

The aluminium-copper-manganese hardeners are 
represented by only one commonly used composition, 
consisting of 70 per cent. aluminium, 20 per cent. 
copper, and 10 per cent. manganese, which is usually 
produced by stirring clean copper sheet and wire 
clippings into liquid aluminium. The initial melting 
temperature amounts to 800 deg. to 855 deg. Cent. 
(1450 deg. to 1550 deg. Fah.), and is gradually raised 
in accordance with the increasing percentage of copper 
and manganese dissolved. After all the copper 
going into the alloy has thus been dissolved, man- 
ganese is added in small pieces, and the mixture 
stirred until the last trace of manganese has been 
dissolved. In order to protect the bath against 
excessive oxidation during this lengthy exposure 
at comparatively high temperatures, it is protected 
by a suitable layer of flux, while the melting of the 
manganese addition can be hastened considerably 
by adding the broken pieces in a red hot condition. 

This process is disadvantageous from a metal- 
lurgical as well as economic point of view, since, apart 
from the high degree of oxidation of the aluminium, 
which is not entirely prevented even by the protective 
flux layer, the resulting alloys lack uniformity and 
homogeneity. 

Much better results are obtained if requisite amounts 
of metallic manganese, broken into pieces of walnut 
size, are stirred into deoxidised copper, heated to 
about 1150 deg. Cent. (about 2100 deg. Fah.), and 
protected by a heavy cover of borax. It is advisable 
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in order to speed up the process to add the manganese 
preheated to light-redness. In view of the fact that 
the composition of the copper-manganese alloy thus 
produced is almost identical with the true eutectic 
composition of this group of alloys, its melting 
point is far below that of its two constituents, 
amounting to about 880 deg. Cent. (about 1600 deg. 
Fah.) only. This is of considerable metallurgical 
importance in connection with this process, since it 
permits the copper-manganese alloy to be added 
to the aluminium at comparatively low melting 
temperatures. 

After alloying the two high melting metals, the 
mixture is cooled down to about 900 deg. Cent. 
(1650 deg. Fah.), and poured into the aluminium, 
which should be superheated to 800 deg. Cent., and 
be covered with a cryolite flux mixture. It is advis- 
able in the interest of the purity of the resulting alloy 
not to remove the borax cover from the copper- 
manganese alloy previous to pouring, but to pour it 
right into the aluminium along with the metal where 
it exerts a strong refining influence on the final 
mixture. 

It is absolutely necessary in order to obtain pure 
alloys to deoxidise the copper before adding the 
manganese .and to add a smaller percentage of 
phosphor copper to the fused mixture before pouring 
it into the aluminium. The total quantity of phos- 
phor copper used for this purpose need not exceed 
} per cent. (15 per cent phosphorus), while a moderate 
excess of this deoxidising agent does not hurt the 
product. 

After stirring the final aluminium-copper-man- 
ganese alloy thoroughly, it is left to stand quietly 
under its protective flux layer for about 15 min. 
The surface is then skimmed clean, one or two hand- 
fuls of fresh eryolite added, the metal stirred again, 
and poured into flat cast iron or steel moulds. 

The aluminium-copper-iron hardeners are used in 
two different alloying compositions, one containing 
62-5 per cent. aluminium, 25 per cent. copper, and 
12-5 per cent. iron; the other, 70 per cent. alumi- 
nium, 20 per cent. copper, and 10 per cent. iron. 
On account of its lower melting point, the latter 
alloy is most commonly employed. It is true that 
this melting point, 875 deg. Cent. (about 1700 deg. 
Fah.), is still about 215 deg. Cent. (about 390 deg. 
Fah.) higher than that of aluminium, but since it 
alloys readily with aluminium superheated to 800 deg. 
Cent. (1450 deg. Fah.), thin plates of this alloy are 
easily dissolved under ordinary foundry conditions. 
The melting point of the first aluminium-copper-iron 
hardener mentioned above is considerably higher 
than that of the latter alloy, so that the difficulty 
of incorporating the hardener into the aluminium is 
considerably greater. 

The usual method of producing this hardener con- 
sists of first dissolving copper sheet or wire cuttings 
in aluminium superheated to about 800 deg. Cent. 
(1450 deg. Fah.), gradually raising the temperature 
of the bath to about 875 deg. Cent. (about 1610 deg. 
Fah.). The iron is then added to the aluminium- 
copper alloy in the form of thin sheet or wire cuttings. 
Cryolite flux mixtures must, of course, be used 
throughout the entire melting and alloying period, 
the process in general being quite similar to that 
applied in the customary production of aluminium- 
copper-manganese alloys. However, it also exhibits 
the disadvantages outlined for the latter process—a 
relatively high degree of oxidation of aluminium, 
strong contamination of the resulting alloy with oxides, 
lack of uniformity and homogeneity of the hardener, 








and corresponding inaccuracy of the composition of 
the final alloys produced with a hardener of this type. 

Again, much better results can be obtained by first 
alloying the iron with the copper, pouring the result - 
ing alloy into the preheated aluminium. This process 
bears much resemblance to the respective method of 
production applied to the aluminium-copper-man- 
ganese alloy, although the temperature conditions 
are, of course, different. This difference is particularly 
obvious in the case of the copper-iron alloy first pro- 
duced, and it is necessary therefore in order to prevent 
too considerable an oxidation of aluminium during 
alloying to add a portion of aluminium to the copper- 
iron mixture before pouring the latter into the 
aluminium proper. This. addition of aluminium to 
the copper-iron mixture is also necessary, however, 
to ensure complete solution of the iron in copper. 
It must be understood that while the element iron 
will form at least a mechanical solution with copper 
the iron-carbon alloy representing normal commer- 
cial iron will not dissolve entirely, the carbide and 
graphite constituents being practically insoluble. 
Aluminium, on the other hand, is able to decompose 
the carbide, throwing the iron into solution and 
separating the carbon, which floats to the surface, 
together with the graphite. It is clear, of course, 
that this separation would also take place if the copper- 
iron mixture were poured into the aluminium bath, but 
this procedure would leave the removal of the carbon 
constituents to be effected in the final alloy, and it 
is good metallurgical policy always to purify the 
various constituents prior to the final alloying. 

The ultimate aluminium-copper-iron herdener is 
left to cool down to about 900 deg. Cent. (1650 deg. 
Fah.), and is then poured into shallow cast iron or 
steel moulds. 








Veining of Ferrite.* 
By L. NORTHCOTT, Ph.D., M.Se., A.1.C. 


Tue crystal structure of pure metals as observed 
under the microscope is now fairly well understood, 
although uncertainty still appears to exist over some 
structural features. One such structure which has 
lately received attention is that known as the a-vein- 
ing or sub-boundary structure, which may sometimes 
be observed in wrought iron or mild steel. This was 
originally described as long ago as 1895 by Andrews,’ 
but it is only during the last few years that workers in 
America,? Germany,’ and in this country* have done 
much to elucidate the phenomenon. A recent paper 
on the ‘ Veining of Ferrite,” by Ammermann and 
Kornfeld,’ describes a research started on the basis 
of work published by the present writer.‘ 

The experimental material they used was an iron 
containing 0-04 per cent. of carbon and 0-32 per cent. 
of manganese, samples of which were annealed for 
six hours in hydrogen. The highest temperatures 
reached during the annealing were 800 deg., 870 deg., 
amd 950 deg. Cent., the specified time of six hours 
indicating the period during which the specimens 
were in the temperature ranges of 750-800 deg., 
820-870 deg., and 900-950 deg. There was evidence 
to show that the specimen annealed at 800 deg. Cent. 
did not reach the A, point, whereas the other two 
exceeded it, the 870 deg. specimen only slightly. 
When etched for veining, the first specimen, annealed 
below the A, point, alone failed to show veining. The 





* Communication from the Research Department, Woolwich. 
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investigation was considered to show clearly an 
intimate relation between the occurrence of veining 
and the y-« change. A conclusion contrary to North- 
cott’s views was drawn as to the effect of anneal- 
ing in hydrogen. According to the authors, Northcott 
found that during the first hour’s annealing in a stream 
of hydrogen, carbon from the steel (0-3 per cent. 
carbon) was removed first, and in this condition vein- 
ing was produced especially well, but that many 
hours’ annealing were required to effect a reduction 
of the oxide governing veining and so to remove 
veining. The long time of annealing for the removal 
of carbon was reduced in the authors’ experiments, 
since the steel only contained 0-04 per cent. of carbon. 
In the time of annealing employed, therefore, oxygen 
compounds present would be reduced in many places. 
This was supported by quoting the conclusions of 
Esser and Cornelius that a considerable reduction of 
oxygen inclusions takes place after a short heating 
at 650-700 deg. The authors summarise the facts 
which are stated to be in opposition to the views of 
Northcott as follows :— 

(1) Veining is removed by recrystallisation below 
As. 

(2) A considerable number of grains free from 
veining show veining after transition through the 
a—~ change, even after annealing in a stream of 
hydrogen. 

(3) Alloy steels without the y-« change show 
no veining. 

(4) The method of deoxidation has no influence 
on the formation of veining. 

(5) In other instances, as Northcott allows, 
veining is not removed by annealing in hydrogen, 
or is not produced by annealing in contact with 
iron oxide. 

(6) It must be very difficult to explain without 
straining the facts, that the precipitation does not 
follow the structure of the pre-existing veins. 


The authors go on to say that in favour of the view 
that «veining is a boundary effect between two 
crystal parts or crystallites differing little from one 
another in orientation, there is the fact that grain 
boundaries and veining are alike in their appearance, 
and that both are connected with the y-« change. 
The views that Northcott has given for the causes of 
a-veining appear to them to he scarcely tenable. 
The determination of veining in change-free material, 
such as copper and nickel, removable by hydrogen 
annealing, which Northcott thought was weighty 
evidence, does not appear to be specially valid. 
Ammermann and Kornfeld conclude by stating that 
the illustrations given by Northcott are in no way 
suitable to prove convincingly the necessary agree- 
ment between true «-veining and the veining pheno- 
mena in copper and nickel. It will be seen that the 
authors favour the “ crystallite’? theory of sub- 
boundary structures, and consider Northcott’s ‘‘ pre- 
cipitation or oxide ” theory quite unsatisfactory. 


DISCUSSION. 

Now although the complete understanding of the 
phenomenon of veining must be left until further 
experimental work has been carried out, the oppor- 
tunity may be taken at this stage to discuss the 
conclusions arrived at by the authors, and it is pro- 
posed to deal with their statements in the order in 
which they are given above. 

(1) The recrystallisation below A, refers to that 
obtained by cold work followed by annealing. As 
the work described by the present writer’ was carried 





out upon cast materials, there is no reason to doubt 
the statement by Ammermann and Kornfeld as to 
the effect of recrystallisation upon veining. At the 
same time, it is quite reasonable to assume that cold 
work followed by annealing would, in any case, most 
probably interfere with the veining structure, because 
of the effect of the treatment on the small quantity of 
any precipitate which was present. Some comment 
may appropriately be included here on the micro- 
graph, Fig. 2, which the authors put forward to show 
that. there is no veining after the 800 deg. annealing. 
This photograph shows within the crystals an irre- 


























Fic. 1 (Above) :—Jnitial Material Used by A. and K. Deeply 
Etched with Alcoholic Picric Acid, Free from Veining. x 100. 


Fic. 2 (Below) :—Specimen After 800 deg. Anneal Etched for 
Veining. 100. 


gular deposit which was not present in the micro- 
graphs of the original material (Fig. 1), and may 
quite possibly represent the globularised form of the 
veining constituent. This feature is referred to again. 

(2) and (4). The fact that veining is obtained after 
transition through the y—« change has never yet been 
disputed. The present writer has, however, shown 
that although it definitely facilitates the formation 
of veining in iron, an allotropic change is not neces- 
sarily essential. Ammermann and Kornfeld were 
content with an annealing treatment in hydrogen 
of only six hours. The present writer found that 
ten hours’ hydrogen treatment at 950-1000 deg. Cent. 
completely removed surface carbon from a mild steel, 
and left pronounced veining. This treatment was 
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recommended to show veining in any steel, provided 
that veining was originally present, since by removing 
carbides the veining was left in greater prominence. 
A 45-hour treatment, on the other hand, was found 
to remove veining from the surface layers to a depth 
of a few hundredths of an inch. Consequently, it 
would appear that the six-hour treatment given by 
the authors was quite inadequate as a test for remov- 
ing even surface veining. 

(3) As no experimental evidence is offered in support 
of the conclusion that alloy steels without the y—« 
change show no veining, it is possible that Rawdon 
and Berglund’s work is referred to. These authors 
found that iron which had been alloyed with 5 per 
cent. of silicon, so that a ‘“ transformationless ”’ 
ferrite was produced, showed almost complete free- 
dom from veining both in the cast and forged con- 
dition. Apart from the fact that the method of 
inducing veining developed by the present writer 
was not tried, the presence of silicon in such quantity 
may influence oxygen content and phase equilibrium 
to an important degree, and its effect on veining 
therefore be quite independent of its action on the 
allotropie change. The evidence of the silicon steel 
is therefore inconclusive. As examples of alloys show- 
ing no allotropic change, the present writer included 
copper and nickel in his list of materials, and he was 
able to show that both these metals can be treated to 
show veining. Ammermann and Kornfeld consider, 
however, that the determination of veining in change- 
free material, such as copper and nickel, does not 
appear to be specially valid. The question of the 
mechanism of veining formation in all-alpha or all- 
gamma alloy steels, must be left until further experi- 
mental work has been carried out, and it is hoped 
to describe some results on this branch of the subject 
later in another place. However, it is possible at this 
stage to record that veining has been observed in an 
all-alpha steel (30 per cent. chromium), so that the 
necessity for the y—« change does not appear to exist. 

(5) As the present writer has repeatedly shown that 
veining is removed by annealing in hydrogen, and is 
produced by annealing in contact with iron oxide, 
the reason and justification for this statement are 
obseure. 

(6) By this is meant presumably that if the ‘“‘veins”’ 
were not already present as such, any material pre- 
cipitated from solution would occur in an irregular 
or haphazard form and not as veining lines. There is 
surely little justification for such a statement. Many 
examples can be given of constituents precipitated 
from solid solution in definite line form. This is seen 
at its best in the Widmanstatten structures, not only 
in steels but also in many non-ferrous alloys, as, for 
example, the aluminium bronzes. Fine precipitates 
of metallic compounds (especially, e.g., NiAl) similarly 
occur in several of the complex copper «-solid solu- 
tions. Mehl and Barrett,® in their study of Widman- 
statten structures, have shown that when a solid 
solution stable at high temperatures precipitates a 
new phase upon cooling, this new phase is deposited 
in such a way that its lattice bears a definite crystal- 
lographic relation to the lattice of the parent sub- 
stance ; for developing the structure well, suitable 
heat treatment is necessary, since it is known that 
prolonged annealing or very slow cooling after the 
transformation may result in a partial spheroidisa- 
tion of the deposited plates. Such spheroidisation in 
veining structures was shown by the author to be 
possible on long annealing, and, in fact, also appears 
to have been obtained, as discussed above, by Ammer- 
mann and Kornfeld in their 800 deg. annealing treat- 








ment, as reference to their Fig. 3 will show. Mehl 
and Barrett further found that the new phase is 
usually deposited on certain crystallographic planes, 
although these are not necessarily the cleavage planes. 
Also, when a separating phase takes the form of 
plates, the lattice plane on which the new phase forms 
is that upon which the positions and distances apart 
of the atoms correspond most nearly with those in 
some plane in the lattice of the precipitated phase. 

With reference to the fact that grain boundaries 
and veining are alike in their phenomena and appear- 
ance, different authorities have shown that strain 
lines cross sub-boundaries without change, but are 
arrested or deflected at the grain boundaries, indicat- 
ing that there is a difference between grain boundaries 
and sub-boundaries. As to their appearance, veining 
lines are certainly similar to ordinary grain boundaries 
at low magnifications, but careful preparation of the 
surface, combined with sufficiently high magnifica- 
tion, invariably offers a means of distinguishing 
between sub-boundaries and true crystal boundaries. 
The boundary between two crystal grains takes the 
form of a continuous line. The sub-boundaries or 
veins are discontinuous and appear to be composed 
of a series of small particles. The present writer has 
not yet observed any exception to this rule. Fre- 
quently the discontinuity is so fine that magnifica- 
tions of x 500 or x 1000 may be necessary to confirm 
it. In the majority of veining structures examined 
the discontinuous nature of the veins has been 
observed at magnifications of the order of xX 250 or 
less, but whatever the magnification necessary to show 
the discontinuity, the difference between the true 
crystal boundary and the veins has been unmis- 
takable. 

The experimental work described by Ammermann 
and Kornfeld does not go far in elucidating the pheno- 
menon of veining and their objection to the present 
writer’s views, when applicable, are considered not 
to be founded on established facts. 
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Grain Size in Steel. 


GRAIN size is an important factor in determining 
the properties of many alloys, both ferrous and 
non-ferrous. A uniform and fine grain size is, for 
many purposes, very desirable, especially where 
maximum resistance to impact or shock is required. 
In steels considerable variation in grain size may 
exist without the properties, as revealed by the 
tensile test, being markedly affected. On the other 
hand, steel of large grain size is believed to machine 
more easily, to show superior strength at elevated 
temperatures, and to possess greater hardenability 
than similar steel of smaller grain size. 

The subject is one which has been investigated 
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from several standpoints recently, and a study by 
R. L. Rolf of the mechanical properties of 0-45 per 
cent. carbon steels of large and small grain size is 
reported in the June and July issues of Heat Treating 
and Forging. The materials investigated were 
obtained in the form of hot rolled bars. So far as 
working properties were concerned, it was found 
that, when the steels were forged into such products 
as automobile connecting-rods and front axle centres, 
the fine-grained steel flowed better and required 
fewer blows of the hammer to fill the dies. Edge 
cracks, worm holes, and other forging defects were 
absent in forgings made from the fine-grained steel, 
as well as trimmer cracks which were prevalent in 
forgings made from coarse-grained steel. The tensile 
properties and impact values of the two types of 
steel quenched from different temperatures, are 
given in Table I, and corresponding properties of 
the steels after normalising in the form of lin. round 


TaBie I. 
Fine-grained Steel. 


Tensile | Elonga- 
strength,} tion, 
Ib. per | per cent. 
-_. in. } on 2in. 


Reduc- 
tion of 
area, 
per cent. 


Quenching} Yield 
tempera- | point, 
ture, | Ib. per 
deg. Fah. sq. in. 
Normalised) 59, 880 
1,400 65,850 
1,450 76,120 
1,500 77,010 
1,550 | 78,940 
1,600 | 76,980 


91,340 | 24. 50- 
| 100,370 | 24-5 54- 
106,960 24-5 | 54- 
| 110,000 | 22-0 | 54- 
107,980 | 22-5 | 55: 
106,000 | 22- 56- 











Coarse-grained Steel. 

{ | 
53,570 
61,520 
81,400 | 117,280 | | 
81,960 | 117,100 | ‘0 | 
83,000 | 118,300 | 19- 2 | 
86,570 | 120,000 : | 


98,200 | | 
| 100,300 | 22-0 | 58- | 


minsiiaiia 
1,400 
1,450 
1,500 
1,550 


1,600 | 


| FP 





bars at 1600 deg. Fah., reheating to 1525 deg. Fah., 

and quenching in water, and tempering for one 
hour at different temperatures between 800 deg. and 
1200 deg. Fah., are given in Table II. The figures 
show that higher values for yield point and tensile 
strength are obtained with the coarse-grained steels, 


Taste II. 
Fine-grained Steel. 
Tensile 


strength, 
| Jb. per 


{ ' 
| Elonga- | Reduc- | Impact 
tion, tion of | value, 
percent.| area, foot-lb. 
on 2in. 


Drawing | Yield 
tempera- point, 

ture, Ib. per 
deg. Fah. | sq. in. 


| 

300 | 20-0 | 68 
| 
| 





1 
| 
800 98,340 | 1s 
900 | 93,020 | 1: 
1,000 80,100 | 1 
1,100 72,340 
71,210 


20- -0 | 69 
21- -5 | 70 
102,420 | 22-5 | . 80 
98,730 25- 90 


Coarse-grained Steel. 


| 131,450 
| 129,600 


| 102,630 6 
| 7-é 
120,000 | 20-% 
21- 
21 


900 97,750 
1,000 85,200 
1,100 80,360 | 107,200 
1,200 75,830 | 100,820 
! i 





but at the expense of lower values for ductility, as 
shown by measurements of elongation and reduction 
of area. A striking difference is shown in the shock- 
resisting properties of the steels by the impact 
figures obtained on standard specimens tested in 





@ 120ft.-Ib. Izod machine. In the quenched series 
the impact values of the coarse-grained material 
are very low and reach a maximum after quenching 
from 1500 deg. Fah. The fine-grained material 
showed uniformly high impact values. In the tem- 


‘ pered series the difference between impact values of 


the two materials is still very marked. In neither 
case were the values appreciably affected by temper- 
ing at temperatures up to 1000 deg. Fah., but at 
higher temperatures the figures increased progressively 
with temperature. 

When the calculated merit index was plotted 
against yield point values the fine-grained steel 
showed a superior merit index for any strength, 
although, at the lower values for yield strength, 
little difference was revealed between the coarse and 
the fine-grained materials. The particular merit 
index considered was the one proposed by H. T. 
Chandler, and is derived from the formula : 


I=}e (E+S)~+(100—R), 


where I is the merit index, e the elongation per 
cent. on 2in., E the elastic limit in pounds per square 
inch (in these tests the yield point was uséd), S the 
ultimate strength in pounds per square inch, and R . 
the percentage reduction in area. The hardenability 
of the steels was determined on lin. round bars 
machined from Il#in. round bar, forged and 
normalised, which were reheated to and quenched 
from 1450 deg., 1500 deg., 1550 deg., and 1600 deg. 
Fah. Monotron hardness determinations were made 
along the diameter of cut discs at distances of in. 
Except in the case of specimens quenched from 
1600 deg. Fah., when the hardness was the same 
at points in. and in. below the surface as it was 
at the surface, the hardness of the coarse-grained 
material decreased gradually towards the interior 
and towards the centre, the hardnessfor materials 
quenched from 1500 deg., 1550 deg., and 1600 deg. 
Fah. was approximately the same. In the quenched 
condition the fine-grained steels did not show the 
same variation in surface hardness as was observed 
in the coarse-grained steels, and the hardness did 
not fall away appreciably for ~,in. below the surface. 
From this point onwards the fall in hardness to a 
position midway between the centre and the outside 
was very rapid. Thereafter, it was more gradual, 
until at the centre the hardness obtained from any 
particular quenching temperature was appreciably 
less than that obtained on coarse-grained steel 
quenched from the same temperature. Bend tests 
were made on specimens measuring 6in. by lin. by 
din. normalised at 1600 deg. Fah., reheated to and 
quenched from 1525 deg. Fah., drawn at 100 deg. 
intervals at temperatures between 800 deg. and 
1200 deg. and bent round a radius equal to the 
thickness. Coarse-grained material drawn at low 
temperatures gave erratic results, and in some 
instances could not be bent through an angle of 
130 deg., but material drawn at temperatures in 
excess of 1000 deg. Fah. could be bent flat, while 
all the specimens of fine-grained material could be 
bent flat whatever temperature they had been 
drawn at. 

The heat treatment of steel castings to obtain 
refinement of the grain is dealt with in a paper 
by C. E. Sims, which appears in the September issue 
of Metal Progress. The grain size in the cast condition 
has only an indirect influence on the response of 
the steel to subject heat treatments, the main 
influencing factor being non-uniformity or segregation 
of impurities due to the progressive freezing of the 
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alloy. A fine and uniform grain size can only be 
produced in cast steel after a high degree of homo- 
geneity has been attained, and while some measure 
of grain refinement may be obtained in this pre- 
liminary homogenising process, usually a second or 
third heat treatment is necessary for the production 
of the most satisfactory structure. If an intermediate 
manganese steel containing 0-30 to 0-40 per cent. 
carbon and 1-25 to 1-50 per cent. manganese in the 
form of a casting of lin. section is heated slightly 
above the upper critical temperature to 1550 deg. 
Fah. and allowed to cool in air, 9 considerable change 
in structure results and a conglomerate of large and 
small grains is obtained. Increasing the length of 
time for which the steel is heated increases these 
structural differences owing to the growth of some 
of the grains. This irregularity in structure is 
attributed to dendritic segregation. If the heating 
temperature is raised to 1650 deg. Fah., and the 
specimen heated for 15 minutes, a similar under- 
annealed structure results, but if the heating is con- 
tinued for an hour a more uniform structure is 
obtained. At 1750 deg. Fah. a similar result is 
obtained in half the time, although the grain size 
is still too large to yield the best properties. With 
a casting of 6in. section the cast structure is similar 
in type, but naturally coarser than that of a lin. 
section. Heating at 1650 deg. Fah. for six hours 
was necessary to obtain in a lin. cube cut from the 
centre of a 6in. section a structure comparable with 
that obtained on the lin. section at the same tem- 
perature in one hour. Heating at 1650 deg. Fah. 
for six hours sufficed to remove the cast structure 
at the centre of a 6in. cube, although a greater 
quantity of ferrite separated because of the slower 
cooling. A similar result was obtained by heating 
for twelve hours at 1550 deg. Fah., or three hours 
at 1750 deg. Fah. These results indicate that for 
each 100 deg. increase above the upper critical 
temperature of, say, 1550 deg. Fah., the initial rate 
of grain growth and diffusion is doubled. Since the 
rate of diffusion lessens as uniformity is approached, 
and the rate of grain growth is most rapid in the 
early stages, this relation does not hold for prolonged 
periods of heating. The rate of solidification decreases 
and, consequently, the extent of dendritic segregation 
increases with the size of the cast section. The 
minimum desired result for the particular steel con- 
sidered is obtained at 1650 deg. Fah. for a lin. section 
in one hour, for a 6in. section in six hours, and for a 
9in. section in nine hours, but at some greater dimen- 
sion this proportion does not hold. 

After the first treatment for securing homogeneity 
has been completed, the second heat treatment is 
carried out to obtain a fine and uniform grain size, 
which, provided the first has been properly effected, 
resolves itself into heating the steel for a short time 
at the lowest suitable temperature to obtain recrystal- 
lisation from as many nuclei as possible. Effective 
grain refinement is not obtained in the second heating 
if the first has been carried out under conditions 
resulting either in under or over-annealing. Chemical 
composition can exert a marked influence on grain 
size. Over a considerable range carbon has very 
little effect. Of the elements frequently added to 
steel vanadium probably exerts the most marked 
influence in retarding grain growth, although the 
precise mechanism by which this is effected is not 
with certainty known. To a less marked degree 
aluminium has a similar influence, and such elements 
as manganese, chromium, nickel, and molybdenum 
tend to refine the grain. 








The Oxy-Acetylene Welding of 
Steel Tubes. 


At the recent International Acetylene Congress 
in Rome, Signor G. Calbiani presented a paper entitled 
“The Oxy-acetylene Welding of Steel Tubes,’ from 
which, by his courtesy, we make the following 
abstracts. 

Welded tubes are widely used for aircraft construc- 
tions, and in the majority of cases carbon steel (about 
0-15 per cent.) or chrome-molybdenum steel is 
employed. The latter, owing to its high mechanical 
resistance, fulfills the two principal requirements 
in aircraft construction, namely, safety and light 
weight. 

Oxy-acetylene welding is generally used as the most 
suitable method to ensure, particularly in the case 
of thin walls, a joint of constant and high charac- 
teristics. In the case of carbon steel an extra mild 
steel welding rod is used, whilst for Cr-Mo steel tubes 
either the same welding rod or a Cr-Mo steel, which 
may be slightly richer in Cr and poorer in Mo than the 
parent metal, is employed. 

The chemical composition and mechanical charac- 
teristics of these two types of tubes as supplied are 
generally the following :— 


Carbon Steel Tubes. 


C, per cent. ee Mee Leer tee About 0-15 
Mn, percent... .. .. .. «s+ «s 0°40-0-60 
Si, percent. 6.0 2s ke bs cee ed 0-20 
PPO ONS 6 08 he he ee, ee eee 08 
S, per cent. Veartaarearrcc ce Mii 
Breaking load, kg./mm.* .. .. .. 40-50 
Fatigue limit, kg./mm.? ee ‘ee: dv See ee 
Elongation on 11-3 4/A per cent. .. Min. 18 
Chrome-molytdenum Tubes. 
C, Per Cetbe. 6 6. Ve a tp oa. aw OO: 36 
Mn, per cent... Tey Ease recs ae | 
Cr, percent... 6. os oe ce oe  O81-10 
Mo, per cent. sees ysiel ow oq) OP8R-O-S5 
S, perecemt. .. «+ s« «+ ss «es Mex0-06 
Bs POE COG ka ea ee a Max. 0-04 
Breaking load, kg./mm.2 .. .. .. Min. 65 
Fatigue limit, kg./mm.2.. .. .. Min. 45 
Elongation on 11-3 4/A percent. .. Min. 12 


The mechanical characteristics undergo, after 
welding, more or less noticeable changes. 

Different conditions under which tests are carried 
out, as well as different criteria of the results 
obtained, may lead, however, to considerable dis- 
crepancies between conclusions. It is recognised 
that tests made with unwelded pieces may not 
necessarily apply to welded pieces. To employ 
them may cause an erroneous judgment of the specific 
influence of welding, and may lead to a depreciation, 
and even @ rejection of a parcel of tubes which are 
in reality perfectly normal and have against them 
only an apparent negative or insufficient response 
to an inappropriate mechanical test. 

One such test is that of elongation after breaking, 
and the tests herein recorded were made to decide 
whether elongation tests after welding are justified 
and reveal the true characteristics of the welded 
pieces. 

They were made with a large number of tubes 
taken at random from the stores, and all from 
different castings. The results represent the average 
of numerous values (always within a narrow range), 
and should be considered as having a@ much wider 
significance than they actually represent, as they 
illustrate the general appearance of the phenomena 
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which accompany the stress tests before and after 
welding. 


CHROME-MOLYBDENUM STEEL TUBES. 


Tests were in all cases made with tubes as supplied 
to aircraft constructors (generally normalised). In 
some instances tests were repeated with tubes treated 
differently, particularly first normalised, and then 
annealed to maximum mildness. The purpose was 
to study the influence of welding on the metal in 
different structural conditions. Tests were also made 
after total or partial normalisation of welded tubes. 
In the case of partial normalisation only the weld 
and the adjacent zones of about 10 cm. on each side 
were heated to a temperature exceeding its upper 
critical range, and allowed to cool freely in air. Stress 


bain 





Fic. 1 (Above) 
Fic. 2—Filler Not Treated—Overheated. 


tests were made with whole tubes and, above 32 mm. 
diameter, with strips cut from the welded and treated 
In the case of tests with strips the testing or 
measuring the elongation was 
11-3 VA, and the length between the shackles was 


tubes. 
useful length for 


chosen so that these could not affect the results. The 
same length was taken also in the case of whole tubes, 
and here the distance between the shackles was kept 
even greater, as previous experiments had convinced 
us of the necessity of having a good distance between 
the end of the useful length and the shackles, as 
utherwise the difficulty of contraction affects the 
values of elongation. 
Generally, the distance 
was calculated as follows :—Useful length plus twice 
the diameter of the tube plus 300mm. _ All test 
pieces were divided into centimetres, and after the 


between the shackles 





Macrographic Aspect of Welded Cr-Mo Tube. 





test the elongation was measured, totally over the 
useful length and partially on each centimetre. 
The tubes were sawn through leaving only a connec- 
tion of about 1mm. of metal, which was destroyed 
during welding. As filler mild steel of suitable dia- 
meter was used. Tests were made without the weld 
being treated mechanically. 

Table I, page 170, gives a series of results. 

The conclusions from the above tests are as 
follows :— 


(1) The Cr-Mo tubes have, as supplied, a tensile 
strength and elongation which are considerably 
higher than the minima laid down in the conditions 
of sale. 


(2) Welding reduces the tensile strength from 


Considerable Overheating near the Weld. 
Fic. 3—Structure Close to Weld—Overheated. 


6-3 to 11-6 per cent. (in the majority of cases it is 
about 7 per cent.). 

(3) The decrease of elongation is considerably 
higher, 7.e., 52-67 per cent. in the case of tests 
made with tubes, and from 38-4-39-5 per cent. 
in the case of strips cut from the tubes. 

(4) Normalisation and annealing produce maxi- 
mum mildness ; consequently, the subsequent 
welding cannot further reduce the tensile strength 
(which, on the contrary, on account of a mechanical 
phenomenon, tends to increase slightly), whilst 
it considerably reduces elongation (28-5-34 per 
cent.), though this is inferior to that noticed in 
tubes welded in the as received condition. 

(5) Normalisation after welding increases the 
breaking load, and brings it to about the original 
value. Elongation improves, but remains from 36 








—_s 
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to 42 per cent. below that of unwelded tubes. 

As these figures do not give any indication of the 
mechanical and structural influence of the weld upon 
the capacity of deformation of the parent metal, 
tests were made with three Cr-Mo steel tubes of 
different dimensions, and the partial elongations were 
observed centimetre by centimetre. 

Table II gives the mechanical characteristics of 
these tubes. 

The decrease of resistance which welding causes 
in Cr-Mo steel tubes welded in the state of delivery 
has by itself a direct influence upon the elongation 
of that part of the tube which has not been affected 
by the welding heat, and which has maintained its 
original stress resistance. The test with a tube 
30 mm. by 1-5 mm. confirms this. 





hardness, or to an excessive increase of resistance, was 
easily proved by hardness tests made near the weld. 

Table I gives the tensile strengths and elongations 
of tubes which have been normalised and annealed 
to maximum mildness. These elongations are con- 
siderable, and it seems at first sight as if such final 
heat treatment should produce more _ resistant 
welded pieces. But this is not correct. Neglecting 
the fact that such treatment considerably lowers 
the breaking load and the fatigue limit (and, there- 
fore, practically nullifies the advantages of using 
a special steel which is only 6-10 kilos./mm?. superior 
to carbon steel), it cannot be said that the higher 
percentum elongation on the useful length is accom- 
panied by a higher ductility of the welding and 
adjacent zones. In fact, Table III gives a comparison 








Fic. 4 (Above)—Similar Tube After Total Normalisation. Overheating is No Longer Visible. 
Fic. 5—Regenerated Filler. 


The higher elongation figures in the strips, when 
compared with the tubes, evidently result from the 
fact that the weld prevents or checks the decrease 
of the diameter of the tube, and, therefore, diminishes 
elongation. This does not happen in the case of strips. 

From the foregoing it appears that the decrease 
of elongation is perfectly explicable, that it is prac- 
tically independent of the characteristics of the 
parent metal, and that it is principally caused by the 
mechanical influence of the weld and, to a lesser 
degree, by the inevitable decrease of the tensile 
strength produced by the welding heat. 

There is also another factor to be considered, 
namely, overheating and, in general, structural 
alterations. No doubt both are partly responsible 
for the decrease of elongation. That the considerable 
decrease in the welding zone cannot be ascribed to 








Fic. 6—Filler Almost Completely Regenerated. 


of the values of partial elongations in the welding 
zones in tubes which have been previously treated 
in different ways. 

We reproduce in Figs. 1 to 3 macro and micro- 
graphs for the purpose of illustrating the variations 
in the structure due to welding and the subsequent 
thermal treatments. 

Fig. 1 shows a section of a welded tube; the 
enlargement of the grain and the overheating corre- 
sponding to the welding rod should be noted. This 
overheating is clearly visible in Figs. 2 and 3. In 
Fig. 1 a zone of transition is visible in the dark part. 
The grain is as yet irregular, but there is no longer the 
Widmanstaetten structure. At a farther point from 
the weld the structure becomes normal, the grain 
being still very fine. It is generally in this zone that 
rupture occurs in stress tests. 
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Normalisation eliminates overheating, and the 
enlargement of the grain (Fig. 4) regenerates the 
structure of the welding metal (Fig. 5) and that of 


TaB_e I. 


to be still coarse-grained in the vicinity of the weld. 
The welding metal is no longer overheated, but the 
grain has still large dimensions (Fig. 6). The parent 











Dimensions of tubes, | 
external 6 x thickness. 


15x0-8 


As supplied. 
* Idem welded ae 
“ Welded and normalise ad 









As supplied. . 

Idem welded ae 

Normalised and annealed. . 
Normalised, annealed and ¥ we Ide d. 











As supplied. . 

Idem welded 

Welded and normalised 
Normalised and annealed. 
Normalised, annealed, and. we side od. 





















As supplied. . 
Idem welded ; 
Welded and normalise a 


35x 1-5 


As supplied. . 
(Tests with strips) 


Idem welded 
Normalised and annealed. . 
Normalised, annealed and w welde d. 


35x 2-0 As supplied. 
(Tests made w ithstrips)| Idem welded | 
” Normalised and annealed .. 
” Normalised, annealed and welde d. 


the adjacent parent metal. Local normalisation is, 
naturally, not as effective as total normalisation ; 








TaBLe II. 
| 
. ; Breaking | Elongation 
Dimen | Heat treatment. | load, lon 11-34/A 
sions | | kg./mm?, | per cent. 
15x 0-8 | As supplied .. .. .. i 75-6 17-2 
» | Idemwelded.. . 69-3. | 6-4 
9 | Welded and partially n norm.| 72-4 | — 
am | Welded and fully normalised). 73-6 | 9:7 
30x 1-5} As supplied . sa ae “wal GRO 21-9 
% | Idem welded. | 67-8 8-5 
% | Welded and partially ‘norm. 68-2 18-7 
os | Welded and fully normalised 70-4 9-3 
| 
32x 2-5| As supplied oe 66- ae se 71-5 13-5 
9 | Idem welded. | 68-0 | 8-8 
” | 
| 


| Welded and fully normalise d 70-2 9-4 





it seems, indeed, to have only a slight influence upon 
the macrographic aspect of the metal, which appears 


Dimensions. Treatment before welding. 


30x 1 State of delivery (normalised). . 
Idem | Normalised and annealed. . 

30x 1-2 State of delivery (normalised). . 
Idem Normalised and annealed.. .. 
30x 1-0 State of delivery (normalised). . 


| Normalised and annealed. . 


Heat treatment and welded. 





As supplied. . 77-1 14-5 
5 Idem welded 68-1 6-7 %9 - 
+ Welded and normalise d 7-23 9-5 Two 
; Normalised and annealed. 4-0 21-3 Three 
* Normalised, annealed and welded . 55-5 13-9 *” 
‘ “7 % 


| Normalised, annealed, welded and normalise a is 73°6 | 12 





Taste III. 


tion — 
on 11-3 /A,| Weld, |At abt. 10 mm.|At abt. 20 mm. 

percent. | per from weld. from weld, 
cent. | per cent. per cent. 

5-3 4 4 10 

13-2 4 4 7 

6-7 3 5 9 

13-0 2 4 10 

6-8 2 9 7 

5°3 3 11 





s | 
Elongation on | 


| Breaking weight, | Average and 














kg./mm?. js 1:3 VA, per ¢ cent) number of tests. 
74-3 16-9 | Four 
69-6 | 7-0 2, 
73-6 10-9 | ss 


73-9 17-4 Three 
68-4 6-8 j ” 
54-7 22-8 Two 
55-3 16-3 ” 


| Four 


76-3 18-7 Five 
68-8 : 6-2 ” 
73-8 9-8 ” 
55-4 21-3 Two 
54-1 14-5 ” 


72-0 | 14-0 Three 
66-8 6-9 ” 
70-2 9-1 ” 
73-4 16-5 Two 
65-4 10-0 ” 
58-5 | 27-2 99 
59-3 17-9 ” 
. | 70-2 | 18-3 | Iwo 
| 64-8 | 11-3 ” 
56-4 26-5 ’ 
55-0 18-1 \ f 





metal iailihaiaas to the weld has no longer the Widman- 
staetten structure, but it is not yet in a condition of 
structural equilibrium. Near the rupture peariite 
and ferrite are badly separated from one another. 


CARBON STEEL TUBES. 

The investigations in the case of carbon steel 
tubes are much simpler for the reason that these 
tubes are used in such a state of heat treatment 
(normalisation) that the subsequent welding opera- 
tions do not easily cause a variation of strength. 
Variations of elongation depend, therefore, exclu- 
sively upon the direct effects of welding (mechanical 
and structural). The following Table IV gives the 
results of the tests. 

It appears from these figures that the decrease 
of elongation is here much less than in Cr-Mo tubes, 
and that normalisation has hardly any effect on the 
elongation. 

Rupture occurs in carbon steel tubes generally 
at a greater distance from the weld than in the case of 


| ' 
| Total elonga- | 
| 


Partial elongations. 
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Cr-Mo tubes, and particularly so after normalisation. 

In conclusion, it results from the aforesaid that 
the measuring of the elongation in butt-welded tubes 
subjected to stress tests cannot be considered a fair 
test of the suitability of a metal for welding or of 
the use for particular constructions. 

The value of elongation after welding depends, in 
fact, to a very large extent, upon the mechanical 
influence of the welding which prevents the contrac- 
tion of the tube, and is, therefore, subjected to very 
considerable variations. 

The value of the elongation tells us nothing about 
the resistance and ductility of the weld and the 








Taste IV. 
| 
| Break- | Elonga- | Average 
Dimen- Thermic treatment. ing load,| tion on of num- 
sions. kg./mm?.|11-3,4/ A| ber of 
per cent.| tests. 
20x 0-8} Assupplied .. .. ..| 45-0 38-1 3 
te Idem welded .. .. ..| 44-3 29-7 3 
Welded and normalised} 42-3 29-1 2 
25x 1-0) Assupplied .. .. ..| 44-3 36-5 3 
é Idemwelded .. .. ..| 44:3 30 3 
Welded and normalised) 42-9 — 2 
28x 1-5} Assupplied .. .. ..| 41-3 35-6 3 
o Idem welded .. .. ..| 40-1 27-6 3 
a Welded and normalised! 40-7 a 2 
30x 2-0} Assupplied .. .. ..| 42°5 35-7 3 
ae Idem welded .. .. ..| 42-7 30-0 3 
1: Welded and normalised) 42-1 29-7 2 














adjacent zones. In fact, we have seen (Table III) 
that by altering the heat treatment before welding 
the percentage elongation measured on the useful 
length increases over 250 per cent., whilst actual 
elongation of the welding zone remains unchanged. 

Under such conditions it appears illogical to base 
the verification of the material upon a value with 
such @ vague significance and which depends to a 
very large extent upon various factors which are 
independent of the nature and the quality of the 
material. 











The Effects of Hydrogen in Steel. 
No. I. 


RECENT reports from the Kaiser Wilhelm Institut 
fiir Eisenforschung at Diisseldorf include two interest- 
ing papers* by Bardenheuer and Ploum, dealing with 
the effects produced in steel by hydrogen absorbed as 
the result either of pickling in acids or of electrolysis 
of aqueous solutions with the steel as cathode. The 
first paper gives an account of an investigation of the 
relation between the amount of hydrogen absorbed 
and the degree of embrittlement produced, while the 
second describes experiments on the cracking of steel 
during brazing as affected by hydrogen absorbed in 
previous pickling. 


1. HyDROGEN EMBRITTLEMENT OF STEEL. 


That brittleness could be produced in iron as a 
result of pickling was apparently first observed in 
1875 by W. H. Johnson, who recognised the cause of 
the brittleness in the nascent hydrogen absorbed 
during the solution of the metal. Johnson also noted 
that the hydrogen left the iron gradually on storing 





_* “ Mitteilungen aus dem Kaiser-Wilhelm-Institut far Eisen- 
forschung zu Disseldorf,’”? Band XVI, Lieferung 11, Abhand- 
lungen 257 and 258. 








at the ordinary temperature, or more rapidly at 
higher temperatures. [Electrolysis with an iron 
cathode produced results similar to those from pick- 
ling. These observations have been confirmed by a 
number of later investigators, but it is of interest that 
Ledebur, in 1889, found that a steel which had once 
been charged with hydrogen was never fully restored 
to its original condition by resting either. at ordinary 
or elevated temperatures. 

K6rber and Ploum discovered that certain catalytic 
agents were necessary to induce absorption of 
hydrogen by iron which was dissolving in acid or 
acting as cathode in electrolysis. These catalysts 
comprise elements capable of forming gaseous 
hydrides, and in their absence iron of high purity 
does not take up hydrogen under the conditions men- 
tioned. Since such elements are invariably present in 
commercial iron and steel, hydrogen is always 
absorbed by these metals. 

Heyn had found in 1900 that heating iron in 
hydrogen and quenching from.above 730 deg. Cent. 
produced the same type of brittleness as was obtained 
by pickling in acid. These effects were not observed 
if the quenching temperature was below 730 deg. 
Cent. He found that the hydrogen-saturated speci- 
mens recovered their ductility completely on heating 
to 200-250 deg. Cent., but only partially on resting 
at the ordinary temperature. 

For the present research three dead-mild steels, 
J, K, and Z, the compositions of which are given 
below, were used. One series of wires, having dia- 
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meters of 1mm., 2mm., 3mm., and 4mm., was 
drawn down from a single coil of steel K, steel J 
provided 0-6mm. diameter wire, and cylinders 
15 mm. in diameter by 60 mm. long were made from 
steel Z. 

In the first series of experiments the wires of steel K 
were charged with hydrogen cathodically in deci- 
normal sulphuric acid, containing 3 grammes arsenic 
(as sulphate) per litre as a catalyst. The current 
density at the cathode was 0-021 ampéres per square 
centimetre. Exposure of different samples to this 
treatment for various periods up to six hours pro- 
vided @ series of specimens for parallel determinations 
of hydrogen content and mechanical properties, the 
latter being observed by repeated bending and torsion 
tests. The results are shown graphically in Figs. 1, 
2, and 3. Fig. 1 illustrates the rapid absorption of 
hydrogen in the early stages of electrolysis, and the 
marked falling off in the rate of absorption after one 
to two hours passage of current. The absorption 
was greater in the thinner wires, 7.¢., in those with the 
largest ratio of surface to volume, thus confirming the 
view that the greater part of the hydrogen absorbed 
during electrolysis is present in the region close to the 
surface. On prolonged electrolysis blisters appeared 
on the surface of the wires, as shown in Fig. 4 ; some 
of the blisters were found to be punctured; an 
example is indicated on the photograph of the thin 
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wire. The hydrogen in the blisters is in the molecular 
state ; it is therefore incapable of diffusing inwards 
into the steel, and with continued electrolysis high 
pressures are built up in the blisters. When the gas- 
filled cavity occurs close to the surface of the wire the 
thin wall of metal may be unable to withstand the 
pressure and the blister bursts. 

In the bending tests the samples were bent back- 
wards and forwards through 180 deg. over a radius 
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Fic. 1—Absorption of Hydrogen by Wires of Material K. 
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two and a-half times as great as the diameter of the 
wire. The torsion tests were carried out with a 
tensile stress of 7-8 kilos. per square millimetre on the 
wire, and the number of twists before fracture in a 
length 100 times the diameter was observed. The 
specimens were cooled with a mixture of alcohol and 
ether during the deformation in these tests, in order 
to prevent the evolution of hydrogen which would 
result from.a rise of temperature. 

Figs. 2 and 3 emphasise the marked effect of even 
small proportions of absorbed hydrogen in causing 
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Fic. 3— Effect of Hydrogen 
absorbed in Electrolysis 
on Behaviour in Torsion 
Test. 


brittleness ; a 4mm. wire, highly charged with 
hydrogen, showed surface cracks after only one to 
one and a-half bends. The fractures of the torsion 
test pieces always had smooth surfaces, normal to the 
axis of the wire. 

A similar series of determinations was carried out, 
using 3mm. and 4mm. wires which had been 
saturated with hydrogen by heating to various tem- 
peratures in a stream of that gas. The temperatures 
employed ranged from 400 deg. to 1100 deg. Cent.; 
up to 600 deg. Cent. a period of twenty minutes was 
required for saturation, above this temperature 
fifteen minutes sufficed. At the end of the period the 
wires were quenched in water without the entry of 
air into the apparatus. As in the experiments employ- 
ing electrolysis, the hydrogen content of the specimens 





was determined by Kérber and Ploum’s method of 
extraction at 400 deg. Cent. 

The volumes of hydrogen retained on quenching 
from various temperatures are shown in Fig. 5, 
together with Sieverts’ values for the solubilities over 
the same range of temperatures. The difference in the 
positions of the two curves is due to the fact that in 








Fic. 4‘ Gassed ’’ Wires of Material K Showing Blisters. 

the present investigation some hydrogen must have 
left the wires during the quenching operation, while 
Sieverts determined the solubility by measurements of 
hydrogen pressure at the high temperatures without 
cooling. The diameter, and therefore the surface 
area, had no appreciable effect on the amount of 








8 — 
7 : 
Sieverts’ Values | IT|- 
6 
oe 5 
S 4 
= 
= 
‘ 3 Material K 
s 2 
7 
0 "400 500 600 700 800 900 1000 1100 1200 
aia Quenching Temp or Temp. of Determination(Sieverts') 


Fic. 5—Absorption of Hydrogen on Heating in Hydrogen and 
Quenching, with Sieverts’ Values for Solubility of Hydrogen 
in Steel at Various Temperatures. 


hydrogen absorbed, indicating that the hydrogen 
absorbed on heating in the gas, unlike that taken up 
in electrolysis, was uniformly dispersed through the 
metal. This was confirmed by experiments on the 
cylinders of steel Z. These were saturated with gas 
at 1100 deg. Cent. and quenched, and then each was 
cut to make two shorter cylinders of the same dia- 
meter as the original piece. The hydrogen content of 
one of each of these pairs was determined, and the 
other was turned down to provide samples of. the 
material nearer to the core. This permitted the esti- ‘ 
mation of the gas contents of the original cylinders 
(15 mm. diameter), and of the same after removing 
layers 2mm., 3mm., and 4mm. thick. The results 
actually showed higher hydrogen concentrations in 
the core than in the peripheral zones, but this was 
ascribed to the loss of hydrogen during quenching ; 
it was concluded that at the temperature of saturation 
the gas was uniformly distributed. 
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Figs. 6 and 7 illustrate the effect of hydrogen, 
absorbed at high temperatures and retained by 
quenching, on the bending and torsional properties. 
The curves are similar in character to those of Figs. 2 
and 3, but the effect of the smallest amounts of 
hydrogen is not so marked as in the latter, no doubt 
on account of the more uniform distribution of the 
gas in the specimens of Figs. 6 and 7. 

An interesting point arises in connection with the 
blank (hydrogen-free) samples of Figs. 4 and 7. These 
were drawn from the same coil of steel wire and would 
have been expected therefore to behave similarly, 
whereas, in fact, the number of twists in the standard 
length in the former was 123-6 and in the latter 81-8. 
This discrepancy was traced to an ageing effect in the 
wire. The result shown in Fig. 4 was obtained on the 
wire immediately after delivery, but the corresponding 
test in Fig. 7 was not. made until seven weeks later. 
Check tests on a fresh consignment of smaller wire, 
as delivered and after similar ageing, reproduced the 
change in behaviour in the torsion test. The bending 


to 1000 deg. Cent. and quenching. A number of 
these wires were allowed to rest at the ordinary tem- 
perature, while another series was immersed in boiling 
water. Samples were withdrawn at intervals for 
determination of hydrogen content and bending 
tests. Figs. 8 to 11 show the course of the changes in 
these two respects. The evolution of hydrogen from 
the cathodically charged material was sufficiently 
rapid for bubbles to be visible when the wires were 
immersed in cold water, and in boiling water a turbu- 
lent stream of gas rose from the samples. 

As regards the observations at room temperature, 
the curves show that a considerable loss of hydrogen 
had to occur before there was a marked reduction in 
brittleness. In these series also a comparison of the 
1mm. and 4mm. cathodic specimens demonstrates 
that the section of the wire had an effect on the rate 
of evolution of hydrogen. In no case was the 
ductility, expressed as number of reversals in the 
bend test before fracture, restored to much beyond 
50 per cent. of the original value. A final hot extrac- 
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Fic. €—Effect of Hydrogen, Absorbed by Heating in Hydrogen 
and Quenching, on Behaviour in Bend Test. 


Fic. 7—Effect of Hydrogen Absorbed by Heating in Hydrogen 
and Quenching, on Behaviour in Torsion Test. 


test did not appear to be susceptible to any similar 
ageing effect. 

In order to make certain that the experiments in 
which hydrogen was absorbed at high temperatures 
were not being vitiated by changes in the wire due 
to quenching, bending tests were carried out on wires 
heated in nitrogen to various temperatures and then 
quenched. It was found that any moisture in the 
nitrogen caused a rapid reduction in the ductility 
with rise of quenching temperature above 600 deg. 
Cent., probably due to hydrogen derived from the 
water vapour. Careful drying of the nitrogen, and 
the use of an oil seal on the furnace, eliminated this 
effect, but the results still showed a minimum duc- 
tility in the region of 700 deg. Cent. This was 
believed to be associated with the solubility of carbon 
in « iron, which reaches a maximum of 0-043 per 
cent. at 710 deg. Cent. A decrease in ductility with 
quenching temperature above 900 deg. Cent. was 
attributed to reaction of the metal with molecular 
nitrogen. 

Changes in the properties of steel resulting from the 
removal of previously absorbed hydrogen were 
investigated in wires which had been gassed in some 
cases cathodically and in others by heating in hydrogen 





Fic. 8—Effect of Resting at Room Temperature, on Hydrogen 
Content of Previously “‘ Gassed”” Wires. 


Fic. 9—Effect of Resting at Room Temperature on Behaviour in 
Bend Test. Wires Previously ‘* Gassed.” 


tion of the hydrogen did’ not cause any appreciable 
further reduction in brittleness. 

Although the changes were naturatly much more 
rapid when the wires were immersed in boiling water, 
the essential features, as shown in Figs. 10 and 11, 
were the same. On account of the extremely rapid 
evolution of gas, however, the effect of the section of 
the wire was not appreciable. 

Langdon and Grossman, who studied the effect of 
pickling on the mechanical properties of steel wire, 
attributed the permanent embrittlement observed to 
the roughening of the surface in the acid. In the 
cathodically charged specimens of the present 
research, however, the surfaces were apparently 
quite smooth. In order to throw further light on the 
cause of this permanent damage, two series of experi- 
ments were carried out on wires gassed electrolytically, 
giving the results summarised in curves I and II of 
Fig. 3. In the first series (curve I) the hydrogen was 
extracted by heating the wires to 400 deg. Cent. 
immediately after they had been charged, while in 
the second (curve II) the gassed wires were left to 
stand four weeks at the ordinary temperature before 
extraction. In both series the permanent embrittle- 
ment increased with the amount of gas originally 
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absorbed. The ultimate reduction in ductility in 
these examples was thought to be due to the almost 
explosive liberation of the hydrogen from the metal 
during the high-temperature extraction, causing local 
breakdowns of the continuity of the metal. In 
series II the four weeks’ resting at the ordinary tem- 
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Fic. 10 (Above)—Effect of Resting at 100 Deg. Cent. on 
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perature had allowed a more gradual and less destruc- 
tive evolution of most of the hydrogen to take place, 
leaving only a minute amount of gas (0-15 cubic 
centimetre per 100 grammes in a sample originally 
containing 61-7 cubic centimetres per 100 grammes) 
to be released in the high-temperature extraction. 
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Fic. 12—Effect of Cold Work and of Cold Work Followed 

by Annealing, on Absorption of Hydrogen. 

The liberation of hydrogen from steel at the 
ordinary temperature is accelerated by cold work ; 
thus, if a gassed wire is left immersed in water until 
the escape of hydrogen is so slow that no more bubbles 
can be seen to rise, bending the wire causes bubbles 
to appear again. In this experiment the new bubbles 
rise equally from the side in tension and that in com- 
pression. Quantitative tests showed that by torsion 
alone more than 50 per cent. of the hydrogen could 





be driven out of a gassed wire. Conversely, it was 
found that the amount of hydrogen absorbed by 
wires under standard conditions of electrolysis 
decreased with an increase in the amount of cold 
work. Fig. 12 illustrates this behaviour, and also 
shows how heating the sample for one hour to 800 deg. 
Cent., after cold working, restores the absorptive 
capacities of the various samples to a virtually 
common value. The conclusions from this section of 
the research may be’summarised as follows :— 

1. The presence in steel of hydrogen absorbed 
during pickling, electrolysis, or heating in the gas, 
has a marked embrittling action, to a large degree 
proportional to the volume of hydrogen absorbed. 

2. On removal of the hydrogen, either slowly by 
resting at room temperature, or more quickly at 
higher temperatures, there is a corresponding 
diminution of the brittleness ; the original ductility 
is never completely restored. 

3. The extent of the permanent damage is 
related to the amount of hydrogen originally 
absorbed and to the rate of its removal. 

4. The egress of hydrogen from the metal is 
accelerated by cold work. Conversely, heavily 
cold-worked steel absorbs hydrogen less readily 
than more lightly deformed material. 








Alloys. 


It is manifestly unnecessary to attempt the con- 
struction of an apologia for the attention which is 
given to the study of the constitution of alloys ; the 
investigation of equilibrium diagrams is often essen- 
tial to everyday metallurgical practice, and in conse- 
quence those alloys have in general been studied the 
most which have practical applications. The investi- 
gation of alloys not likely to be of commercial use, 
such as those containing indium, germanium, or 
gallium, is still, we fear, regarded in some circles as 
an instance of ill-directed effort, although in the 
sphere of pure chemistry the acquisition of knowledge 
is generally recognised as a sufficient object for 
research. This difference of attitude undoubtedly 
arises largely from the fact that new chemical dis- 
coveries may usually be compared and combined with 
existing information, whilst metallic equilibria, con- 
stituting so modern and complex a subject, has not 
advanced to a stage when any measure of co-ordina- 
tion beyond that supplied by the phase rule has been 
achieved. 

In recent years the suggestion has been advanced 
that a sufficient number of alloy systems have been 
examined to warrant an immediate attempt at codifi- 
cation of the data in the hope that a rule might be 
found which would allow of predictions being made of 
the liquidus, solidus, and solid constitution of unex- 
plored alloy systems. Although a number of research 
workers have attempted to meet these suggestions, 
either along scientific or empirical lines, it cannot be 
said that any great measure of success has yet been 
obtained. Andrews and Johnson,! Hume-Rothery,* 
Kordes,? Yap,‘ and Jefferys® are among those who 
have attacked the subject by means of the formule 
of classical thermodynamics. All these investigators 
have found that instances occur in which the equi- 
librium conditions can only be brought into line with 
Van’t Hoff’s equation for depression of freezing point 
by making assumptions as to the form in which the 
solute exists in the various phases which are so unex- 
pected as to appear improbable. It is interesting in 
this connection to point to the lack of agreement 
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found by Andrews and Johnson between calculated 
and experimental curves for the liquidus and solidus 
of the system silver-gold. 

As errors appear to arise in applying to alloy 
systems, which exist in the solid state as a lattice of 
ionised atoms upon which is superimposed an electron 
lattice, equations which apply only to systems 
obeying the gas laws, other attempts to study this 
problem have run on non-classical lines. Such 
methods are typified by Hume-Rothery’s* work on 
intermediate phases, in which fundamental import- 
ance is attached to the electron/atom ratio, and 
Cuy’s’ study of solid solutions, which resulted in the 
conclusion that the ability of metals to form con- 
tinuous solid solutions and the liquidus/solidus 
interval in such solutions depend largely upon the 
atomic radii of the solute and solvent. 

A recently published paper by Hume-Rothery 
Mabott and Evans® (*‘ The Freezing Points, Melting 
Points and Solid Solubility Limits of the Alloys of 
Silver and Copper with the Elements of the B Sub- 
groups ”’) describes a courageous attempt to correlate 
by original methods the data for alloys of silver and 
copper and includes several highly successful essays 
into the field. of prediction. Before discussing the 
paper in detail it may be pointed out that its scope is 
somewhat smaller than the title suggests, since not 
all the metals of the B sub-groups of the periodic 
table are considered, and in each instance attention is 
given only to the alpha-phase field and the related 
portions of the liquidus and solidus curves. 

The experimental work included liquidus deter- 
minations for the alloys of silver and cadmium, 
indium and gallium, and the alloys of copper with 
gallium and germanium, together with solidus and 
solid solubility determinations for the above systems 
and aluminium-silver and antimony-copper alloys. 
Partial and confirmatory investigations have also 
been made for the systems zinc-silver, tin-silver, 
zinc-copper, aluminium-copper, arsenic-copper, and 
for the ternary alloys of copper with zinc, gallium and 
common metals the 


germanium. For the more 
normal methods of preparation, annealing, and 
thermal and microscopical examination were 


employed. By reason of the rarity and cost of indium, 
gallium and germanium, alloys containing these 
elements were made and examined by a special tech- 
nique which allowed of accurate study of ingots 
weighing 3 grammes. In the etching of certain of the 
silver alloys containing small traces of chilled liquid 
or other second phase the following procedure was 
found generally successful, although on occasion the 
distorted layer produced during polishing wes not 
attacked :—Etching in a somewhat concentrated 
solution of chromic and sulphuric acids to form a 
deposit of silver-chromate, which is then wiped off 
with cotton wool. The specimen is then very lightly 
polished, dipped for one second in dilute chromic- 
sulphuric acid, and then washed and immersed in a 
solution of ammonia and hydrogen peroxide. 

On the basis of the present experimental results, 
together with data from the literature, the authors 
have drawn up tables indicating the liquidus tempera- 
tures for eleven silver and fourteen copper alloy 
systems, the solidus temperatures for eight silver and 
five copper alloy systems and the limits of the alpha 
phase in five silver and seven copper alloy systems, 
the tabulated data in each case corresponding to 
smoothed curves drawn through the experimental 
points. In some instances the authors have drawn a 
curve different from that drawn by the original 
investigators, and their remarks in justification of this 








are sometimes open to question. For example, when 
referring to the liquidus of the system cadmium- 
copper, the authors say :— 

‘* For some reason which is not clear, Jenkins and 
Hanson drew their curve through the highest point 
and . above all the others. This appears to 
us to be unjustified, since with a volatile metal the 
errors are likely to be in connexion with the com- 
positions as well as the temperature measurements.” 

It is generally accepted that errors in cooling curves 
are usually in the direction of low temperature 
observations, and loss of cadmium subsequent to the 
liquidus observation and prior to analysis would 
result in points being plotted to the copper side, 7.e., 
below the true liquidus, hence these two effects would 
be additive and would both induce lack of faith in 
the lower points. 

Having collected data for the liquidus and solidus 
curves, the authors have applied Van’t Hoff’s 
equation to them and obtained variable results for 
the latent heats of fusion of silver and copper, which 
was regarded as implying that equilibrium in these 
systems was different from that deducible from the 
gas laws. They then dealt separately with the 
liquidus and solidus curves, endeavouring to find 
methods of plotting which would result in super- 
position of the various curves. 

They consider first the liquidus curves for those 
solute elements which lie in the same period (hori- 
zontal row) of the periodic table as the solvent and 
conclude that the atomic compositions of alloys of a 
given freezing point are inversely proportional to the 
valencies of the solute elements. That is to say, the 
liquidus curves are brought together when plotted 
against a scale obtained by multiplying the 
atomic percentage of solute by its valency. In the 
case of elements not in the same period as the solvent, 
this rule, they state, still applies in some instances, 
for example, silicon and bismuth in copper, aluminium 
and bismuth in silver, but more generally a “‘ false- 
valency” factor, termed by them the “ liquidus 
factor ’’ must be applied. These “ liquidus factors ”’ 
are, according to the authors, generally whole numbers. 
In a limited number of cases, such as aluminium in 
copper, the liquidus curve is of so abnormally flat a 
form at low concentrations of solute that application of 
a factor will not bring it into line with the other curves. 

The reviewer has examined these conclusions by 
graphing the tabulated data, extracting from his 
graphs the atomic percentages of solute which depress 
the freezing point of the solvent by 10, 20, 30, 40, 50, 
60, 70, and 80 deg. Cent. and dividing these figures 
into the corresponding figures for zine (in the case of 
copper alloys) or for cadmium (in the case of silver 
alloys). He has concluded that in no case will a 
constant factor applied at each of these depression 
of freezing point stages bring the liquidus curves into 
complete agreement, but that factors could be found 
which would give fair agreement, and no overall sum 
of errors, within this range of 0 to 80 deg., or a smaller 
range when the total depression of freezing point is 
small or only limited data were available. 

The values obtained by the reviewer are compared 
with those stated by the authors (see page 176). 

It will be seen that the values obtained by the 
reviewer, by rigid analysis of the data, are generally 
in the same order as those obtained by the authors, 
but that the former seldom fall sufficiently near to a 
whole number to justify the conclusion that ‘‘ many . 
of the solute atoms act as though they possessed a 
fictitious valency which is a whole number.” In 
consequence, theoretical arguments based upon this 
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* , premise ‘by. the authors must be regarded as invalid, 
and the scientific basis of the liquidus curves as not 
yet known. 


Liquidué Factors (Usually. for 0-80 deg. Cent. Depression of 
AS Freezing Point). 





For copper alloys 


For silver alloys 
(standard, Zn= 2). 


(standard, Cd- #) 


| Authors. Reviewer. 





Authors. Reviewer. 
| 


eet tras 








Beryllium 
Zinc .. = 
Mercury .. 
Aluminium 
Indium 
2 ae 
Lead 
Copper 
Antimony 
Bismuth .. 
Silver 
Gold 
Cadmium 
Magnesium 
Gallium 
Silicon 
Germanium 


oo, 


til daha cian E 
adaace! wo 


| Ot Ot Se Or Hm oe So be Go Oo 
te He ND he Go Go Go bY Oe Oo 


Pie ODIO wR 
v= 


om; 


| 
{ 


Tho authors have employed the ** liquidus-factors ”’ 
obtained by them from binary systems to predict the 
freezing points of ternary alloys, and here they have 
been singularly successful. The methods used may 
be illustrated by two examples. 

(1) Taking an alloy containing by weight 86-2 per 
cent. copper, 3-97 per cent. silicon, and 9-30 per cent. 
zinc, they convert these figures into atomic per- 
centages, being 82-4 Cu, 8-6 Si, and 9-1 Zn. Now 
Zn has a liquidus factor of 2 and Si of 4; hence the 
alloy has the freezing point typical of an equivalent 
composition of 8-6x4+9-1x2, total 52-6. On 
reference to the standard curve we find that the 
corresponding zinc alloy freezes at 965 deg. Cent. 
A practical check gave 960 deg. Cent. for the freezing 
point of the ternary alloy. 

(2) esc an alloy containing by weight 8-6 per 
cent. zinc, 8-9 per cent. cadmium, remainder copper, 
the corresponding atomic percentages are 8-72 Zn, 
5-25 Cd. The equivalent composition is then 
8-71 x 2+5-25 6, total 48-9, giving a freezing point 
of 972 deg. Cent. The corresponding value given in 
the diagram of Jenkins? is 975 deg. Cent. 

The authors go on to consider the freezing points 
of those ternary alloys which are more concentrated 
solutions than the binary solutions which closely 
obey the valency or liquidus factor rules. In such 
cases the equivalent composition is first calculated 
as above, and the corresponding temperature read 
from the standard curve. This temperature is then 
corrected by addition or subtraction of factors based 
upon the deviation of the binary curves of the equi- 
valent composition from the standard curve at that 
temperature. For example, an alloy containing 1-66 
atomic per cent. silver, 5-20 atomic per cent. lead, 
remainder copper has an equivalent composition of 
37-84, corresponding to a temperature on the standard. 
zine-copper curve of 1001 deg. Cent. | Now a binary 
silver-copper alloy of this equivalent composition 
freezes at 1014 deg. Cent., and contains 9-46 atomic 
per cent. silver. Hence a correction of 13 x 1-66/9-46 
is added, together with a similarly obtained correction 
of 15x 5-2/6-31 for lead, bringing the calculated 
freezing point of the alloy to 1015 deg. Cent. 

The authors’ study of solidus curves has led them 
to state the following rule :—For solutes lying in the 
same period as the solvent the atomic compositions 
of alloys of a given melting point are approximately 








inversely proportional to the squares of the valencies 
of the solute elements. Thus a series of curves for the 
same solvent may be brought into approximate super- 
position by plotting temperature of solidus against 
atomic composition < (valency)?. When solvent and 
solute are not in the same period, the position is more 
complex and the folliowng cases. arise :— 

(1) In a few cases, such as silicon-copper and 
aluminium-silver, the depression of melting point is 
still proportional to (valency )?. 

(2) Alloys in which, by reason of the difference in 
atomic radii between solvent and solute, the solid 
solubility is very small, and hence the solidus curve 
approaches the vertical. 

(3) Alloys in which the solidus depression is that 
to be expected if the atomic compositions were 
multipled by (liquidus-factor)?, for example, gallium- 
silver and zinc-silver. 

(4) Alloys in which the solidus curve is markedly 
convex to the axis, so that the initial depression per 
atomic per cent solute is much greater than that in 
concentrated solutions, for example, tin-copper. 

In case 1, the authors have been able to predict 
the solidus curves for ternary alloys. 

In connection with the limits of the alpha-phase, 
the following preliminary hypothesis is put forward : 

With silver or copper as solvent, where the atomic 
diameters of the solvent and solute atoms differ 
by more than about 133-14 per cent. of that of the 
solvent, the size factor is unfavourable, and the 
primary solid solution is very restricted, whilst when 
the atomic diameters are within this limit the size 
factor is favourable, and considerable solid solutions 
may be formed, for which, in many cases, the solu- 
bility limits follow the simple valency laws. 

A study of equilibrium diagrams has revealed the 
fact that where the atomic size factors are favourable, 
the maximum alpha-solid-solubilities, toa first approxi- 
mation, correspond to a constant electron concentra- 
tion, ¢.e., the ratio of valency electrons to atoms. In a 
number of such alloys of silver and copper, this limiting 
electron concentration is approximately 1-4. It is 
also pointed out that although solid solubility gener- 
ally increases with temperature, the reverse applies 
to some of the alloys studied. The two cases are there- 
fore treated separately, and it is shown that the 
solubility limits in ternary alloys may sometimes be 
calculated to a fair accuracy. 

As has been stated above, certain of the premises 
upon which the authors base arguments as to the 
scientific principles underlying their discoveries do 
not appear to be sound ; in consequence, the results 
must be regarded as empirical and their application 
to the prediction of ternary diagrams cannot be guaran- 
teed to give even first order accuracy, despite the good 
agreement which has been shown between the calcu- 
lated and experimental values in the examples set 
out in the paper. Hume-Rothery and his colleagues 
have certainly, however, entered upon a@ line of investi- 
gation which when pursued sufficiently far and 
closely should provide a measure by which experi- 
mental results may be compared and codified. 
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